Female preferences for males producing their calls just ahead of their neighbours, leader preferences, are common in acoustically communicating insects and anurans. While these preferences have been well studied, their evolutionary origins remain unclear. We tested whether females gain a fitness benefit by mating with leading males in Neoconocephalus ensiger katydids. We mated leading and following males with random females and measured the number and quality of F 1 , the number of F 2 and the heritability of the preferred male trait. We found that females mating with leaders and followers did not differ in the number of F 1 or F 2 offspring. Females mating with leading males had offspring that were in better condition than those mating with following males suggesting a benefit in the form of higher quality offspring. We found no evidence that the male trait, the production of leading calls, was heritable. This suggests that there is no genetic correlate for the production of leading calls and that the fitness benefit gained by females must be a direct benefit, potentially mediated by seminal proteins. The presence of benefits indicates that leader preference is adaptive in N. ensiger, which may explain the evolutionary origin of leader preference; further tests are required to determine whether fitness benefits can explain the phylogenetic distribution of leader preference in Neoconocephalus. The absence of heritability will prevent leader preference from becoming coupled with or exaggerating the male trait and prevent females from gaining a 'sexy-sons' benefit, weakening the overall selection for leader preference.
Introduction
Leader preferences, which result in greater mating success of males that produce their signals just ahead of those of their neighbours, are common in acoustically communicating insects and anurans (e.g. Whitney & Krebs, 1975; Greenfield & Roizen, 1993; R€ omer et al. 1997; Grafe, 1999; Greenfield & Rodriguez, 2004) . These preferences are unusual in that they do not act on a property of the male signal itself but rather on its timing relative to that of other males (Snedden and Greenfield 1998) , making the relationship between female preferences and male signal traits particularly complex. Leader preferences have been studied from several perspectives: their strength, their effect on male interactions and their evolutionary origins (e.g. Greenfield & Roizen, 1993; Grafe, 1999; R€ omer et al., 2002; Hartbauer et al., 2006; Richardson et al., 2008; Hartbauer et al., 2014; Party et al., 2014 Party et al., , 2015 .
Evolutionary explanations for leader preferences nevertheless remain controversial.
One proposed hypothesis is that leader preferences result from a pre-existing sensory bias during the process of sound localization (R€ omer et al., 2002; Fertschai et al., 2007) . Leading and following calls typically come from different sides of the female, associating the processing of these calls with directional hearing. Contralateral inhibition in the auditory system, which functions in sound localization, could result in asymmetrical encoding of the leading and following calls in favour of the leader in Tettigoniidae (R€ omer et al., 2002) . This contralateral inhibition was proposed to be the proximate mechanism underlying preferences for leading callers.
The pre-existing sensory bias hypothesis predicts that the female preference arose prior to the evolution of the male trait and will be displayed in closely related species without the male trait (Ryan, 1990) . Frederick (2013) tested these predictions in Neoconocephalus katydids by testing for leader preferences in seven closely related species. Frederick found that leader preferences evolved twice independently and were absent in closely related species, which does not support the pre-existing sensory bias explanation for the evolution of leader preference in this system. Although this study suggests that Neoconocephalus females are not predisposed towards a leader preference by their evolutionary history, the effects of contralateral inhibition may still be an important part of the mechanism underlying leader preference in some species that have evolved this trait.
Leader preference also may have evolved as the result of fitness benefits gained by females mating with leading males. The production of leading calls is often correlated with costly male call traits, potentially resulting in the proportion of chirps that a male leads serving as an honest indicator of his quality or condition (Greenfield & Roizen, 1993; Hartbauer et al., 2005; Richardson et al., 2008) . However, the production of leading chirps was not correlated with his quality in any species tested so far (Hartbauer et al., 2006; Richardson et al., 2008; Murphy & Schul, 2017) . Each of these studies measured male quality using several quality indicators such as body size and mass. Although quality indicators are commonly used as proxies for fitness and condition, the actual link between these measures is often unclear (Wilson & Nussey, 2010) . To our knowledge, there have been no explicit tests of whether females gain any direct or indirect fitness benefits by mating with leading males.
In order for females to gain indirect, genetic benefits (such as higher quality offspring) by mating with leading males, the ability to produce leading chirps must have a genetic correlate and be heritable. Heritability of the preferred male trait would also result in females gaining a 'sexy-sons' benefit from mating with leading males (Kokko et al., 2002) . The repeatability of leadership ability, which sets the upper limits on heritability for this trait (Boake, 1989; Falconer & Mackay, 1996) , was measured in two species with leader preference with differing results; within-night repeatability was low in Ephippiger diurnus katydids, but was high in Neoconocephalus ensiger katydids (Party et al., 2014; Murphy & Schul, 2017) . However, high repeatability does not indicate high heritability, particularly for traits that are strongly affected by environmental conditions (Dohm, 2002) ; heritability, to our knowledge, has not been measured heretofore for any species with a leader preference.
Here, we test whether females gain a fitness benefit by mating with leading males in Neoconocephalus ensiger katydids. Neoconocephalus ensiger females show a strong leader preference, equivalent to an amplitude difference of 6 dB between the leader and follower (Frederick, 2013) . A male's proclivity to produce leading calls was not correlated with any costly call traits or any measures of quality in this species; however, the production of leading calls was highly repeatable within-nights (Murphy & Schul, 2017) , allowing for the possibility that it encodes biologically relevant male quality.
We test for fitness benefits associated with leader preference in a number of ways. First, we compare the number and quality of offspring produced by females mating with leaders to those mating with followers. We also measure potential fitness contributions to the next generation by measuring the number of F 2 produced by female offspring and the production of leading calls by male offspring. Finally, we measure the heritability of the production of leading calls. Offspring were raised under two dietary treatments to test for phenotype by environment interactions, which may affect the reliability of leadership as an indicator of mate quality (Greenfield & Rodriguez, 2004 ).
Materials and methods

Specimens
All N. ensiger for this study were collected in Adair County, MO, USA, in July 2013 or 2015. Males were collected as calling adults. Females were collected as late-instar nymphs to ensure virginity because female Neoconocephalus only mate once (personal observations). Prior to recording and mating, individuals were kept in cages (40 9 40 x 60 cm) made of plexiglass and screen and were fed grass cut from local prairies, Fluker's high-calcium cricket feed and apples. Males and females were kept in separate cages with a density of 20-30 individuals per cage. All laboratory rearing of N. ensiger occurred in an environmental chamber with constant humidity at 20-26°C and a 14-h:10-h light: dark cycle.
Identifying leaders and followers
Male N. ensiger often call in dense choruses and produce species-specific calls with a chirp rate of approximately 10-14/sec (Greenfield, 1990; Libersat and Hoy 1991; Faure and Hoy 2000, Murphy et al., 2016) . Males adjust the timing of their calls relative to those of their neighbours (Murphy et al., 2016) . Even while solo calling, males show variation in their chirp rate but this rate is not correlated with their propensity to produce leading calls (Murphy et al., 2016; Murphy & Schul, 2017) . As such, we were unable to estimate leadership ability using a single call parameter and, instead, measured the proportion of chirps led by each male within an interacting pair.
We recorded males in interacting pairs and measured the proportion of chirps that each male led. Pairs of males were only included in the experiment if the proportion of chirps led by each male differed by at least 0.35 (e.g. one male led 0.675 and the other led 0.325). All experimental manipulation and analysis remained blind with regards to which males were leaders and followers.
Recordings
Prior to the start of the evening's calling activity, males were placed in separate plastic mesh cages (15 cm tall, 8 cm diameter). Two males, chosen haphazardly, were placed in an anechoic chamber at a distance of one metre from each other, which is within the natural range of distances at which males interact (personal observations). Electret microphones (Audio-Technica, ATR 3350) were placed within 5 cm of each male. Each male was recorded on a separate channel on a Marantz PMD670 solid-state recorder with a sampling rate of 48 kHz. Recordings began immediately when both males began calling and continued until at least one male was silent for 20 s.
Analysis
We generated the envelope of each male's call with a 1 kHz sampling rate. We then marked the start time of each chirp at 50% relative amplitude using custom software. We haphazardly assigned one focal male from each interacting pair. In order to calculate the delay between the males' chirps, we subtracted the start time of each of the focal male's chirps from the closest chirp of the nonfocal male. This analysis resulted in negative values when the focal male's chirp was leading and positive values when he was following. We then calculated the proportion of chirps that each male led by 3-24 ms. Timing differences of 3 ms or less account for travel time between the males (at 1 m) and were considered ties. The upper cut-off of 24 ms corresponds to the maximum delay at which female N. ensiger displayed significant leader preference (Frederick, 2013) . We analysed 112-350 chirps for each pair.
Mating
We paired males with randomly selected virgin females. Each mated pair was kept in a cage with wheat grass (Triticum aestivum), oviposition grass (Festuca sp.) and apples for the remainder of their lives. Keeping these pairs together for the duration of their lives ensured mating, but prevented us from measuring body size of the parents at the time of mating. However, as leading and following males do not differ in body size or condition (Murphy & Schul, 2017) and females were assigned randomly, the parental groups themselves were unlikely to differ in body size or condition.
In order to keep environmental conditions consistent within pairs, leader/follower pairs and their mated females were kept in cages (split cages, 31 9 17 9 31 cm) that were divided into halves. We rotated each cage daily to ensure comparable microenvironments.
Rearing F 1 generation
The oviposition grasses containing eggs from each mated pair were labelled and treated to break egg diapause. In 2013, we broke diapause by placing all grasses outside in natural conditions from the time of removing them from cages (8/15/13-9/20/13) until 3/3/13. In 2015, we broke diapause by exposing the grasses/eggs to the following temperature conditions: 14 days outside in October 2015, 14 days at 4°C, 14 days at À5°C, 20 days at 4°C, 3 days at 22°C.
As eggs hatched, hatchlings were sorted into two dietary treatments; within families, we alternated which treatment hatchlings were added to in order to remove possible effects of egg or hatching order. Offspring in dietary treatment A had access to wheat grass, apple and Fluker's cricket food. Offspring in dietary treatment B had access to only wheat grass and water absorbing crystals (Watersorb small polymer). We disposed of nonviable eggs when 15 days passed with no new hatchlings.
We moved offspring into individual cages when they were in their 6th-7th instar. The individual cages were 473-mL clear plastic cups (Solo TP16) placed upside down on wooden boards. Offspring were given wheat grass and either apple and cricket food or water absorbing crystals, consistent with their assigned treatment. Each cage also had sections of plastic screen and wooden skewers to provide substrate for moulting.
Production of leading calls
Male offspring were recorded in pairs at approximately 2 weeks post-adult moult. The offspring of leaders were recorded interacting with offspring of followers but from the same dietary treatment; within those qualifications, pairs were matched haphazardly. Offspring of leaders were paired with those of followers in order to exaggerate any existing heritability effects. We recorded the offspring pairs and measured the proportion of chirps that each male led as described above in "Identifying Leaders and Followers."
We measured dry weight, pronotum length and hind femur length for up to three offspring of each sex in each family. Individuals were frozen approximately 2 weeks post-adult moult and photographed from a fixed distance with a camera (Fujifilm S5100, Fuji Photo Film Co., Tokyo, Japan). The pronotum was positioned directly on a fixed platform. Both hind legs were removed from the body and were placed on the platform individually for photographing. We regularly photographed a scale on the platform to calibrate the length measurements. We measured the body parts using the straight line measuring tool in ImageJ 1.49v. The pronotum was measured four times and the hind femurs twice unless the two measures differed by more than 1%, in which case we did two additional measurements. Individuals were then placed in the drying oven at 65°C for at least 48 h. We measured their dry weight using a precision scale (Mettler AE 260 DeltaRange, Mettler Toledo, Columbia, OH, USA).
We standardized dry weight, pronotum length and hind femur length around the population mean using the equation St indiv = (X indiv À X ave )/X ave, with X indiv representing the measured values for individuals and X ave the population mean. These measures were standardized separately for male and female offspring as they differ substantially in size. We then combined the measures of pronotum and hind femur length into one measure of Body Size by summing each individual's standardized value for pronotum size and hind femur size. We calculated a condition measure by regressing dry weight on body size and calculating the residual for each individual. The condition values were calculated separately for each sex as the regression lines were substantially different. These values are centred around zero, with negative values indicating that the individual was lighter than predicted by body size and positive values showing that they were heavier than predicted.
F 2 generation
We mated one female from each 2013 family with a random, nonsibling male and collected their eggs. Each mated pair was kept in a split cage with wheat grass and Festuca sp. grass for oviposition. We broke diapause by placing the intact oviposition grass outside from 10/ 3/13-3/24/14. We counted eggs and hatchlings from each family. We disposed of nonviable eggs when 15 days passed with no new hatchlings.
Analysis
As we only included leader/follower pairs with large splits in the proportion of chirps led, we considered leader and follower families as distinct groups. We compared the number of eggs, number of hatchlings, proportion of eggs hatched, date of hatching and sex ratio of leader/follower families using Wilcoxon Mann-Whitney tests using 'PROC NPAR1WAY' in SAS v9.4 (SAS Institute Inc., Cary, NC, USA). We only included data from 2013 in the analyses of date of hatching and of maturity as the variation in timing was much larger in 2013 than 2015, likely a remnant of our methods for breaking diapause.
We used factorial ANOVAs to explore the effects of leader/follower family status and dietary treatment. For analysis of number of adult offspring and proportion of offspring surviving to adult, we included leader/follower family, dietary treatment and the interaction of the two as fixed effects and experimental year as a random effect using 'PROC GLM' in SAS 9.4. Analysis of date of maturity, F 2 egg number, F 2 hatchling number and the proportion of F 2 eggs hatched was done using 'PROC GLM' in SAS 9.4 with leader/follower family, dietary treatment and the interaction of the two as fixed effects (year was not included as only 2013 data were used for these characters). For the F 1 body and call measures, we also included year, family and sex as random effects, using 'PROC MIXED in SAS 9.4; family was included because we measured more than one individual from the same family.
For the heritability analysis, we averaged the proportion of chirps led by offspring in the same family (including both of the dietary treatments). We then regressed the average proportion of chirps led by the sons on the proportion of chirps led by the father. We calculated the line of best fit using 'PROC REG' in SAS 9.4. The narrowsense heritability value is the slope of this best fit line.
Results
Of the 58 males (from 29 leader/follower pairs) mated with random females, 43 families produced eggs and 34 had hatchlings. We raised 448 of these offspring to sexual maturity.
The number of eggs produced, the number of hatchlings and the proportion of eggs that hatched did not differ between leader and follower families, although there was substantial variation in each of these traits (Fig. 1,  Table 1 ). Data for hatch date, which only included families from 2013, showed no difference between offspring of leaders and followers in the time of hatching (Fig. 1 , Table 1 ). The sex ratio of the offspring that survived to adulthood also did not differ between leader and follower families (Fig. 1, Table 1 ).
There were no significant differences between leader and follower families or between dietary treatments in the number of adult offspring or the proportion of offspring to survive to adult (Fig. 2, Table 2 ). Offspring of leaders and followers did not differ in the date of maturity; however, there was a substantial effect of dietary treatment in that offspring raised under treatment B matured significantly later than those raised in treatment A (Fig. 2, Table 2 ).
The offspring of leaders had significantly better condition than those of followers; there was no significant difference in body size between the offspring of leaders and followers. Dietary treatment also had significant effects on offspring body size and condition with those raised in Treatment B being in better condition than those in Treatment A, while being smaller in overall body size. There were no significant interaction effects between leader/follower status and dietary treatment (Fig. 3, Table 2 ).
We mated 28 female offspring with random males and collected their eggs. Leader and follower families did not differ in the number of F 2 eggs, hatchlings or the proportion of eggs to hatch; the dietary treatment of the mother had no effect on these measures (Fig. 4 , Table 2 ).
We also measured the proportion of chirps led by male offspring during interactions with one another. We found that there was no difference in the proportion of chirps led by male offspring between leader and follower families or between dietary treatments ( Table 2) .
The average proportion of chirps led by a male's offspring was not correlated with the proportion of leading chirps produced by their father (Fig. 5, F 1,28 = 0.08, P = 0.78). The slope, or narrow-sense heritability, was 0.033. Next, we tested whether the average proportion of chirps led by males raised in treatment A was correlated with the average proportion of those in the same family that were raised in treatment B. There was no correlation between these males of the same family (linear regression; F 1,19 = 1.90, P = 0.19).
Discussion
The goal of this research was to determine whether female N. ensiger gain any fitness benefits by mating with leading males. We found that female N. ensiger mated with leaders did not produce more F 1 or F 2 than those mated with followers. However, offspring of leaders did differ from offspring of followers, with offspring of leaders being in significantly better condition than those of followers. We found no evidence of heritability for the production of leading calls in N. ensiger.
Benefits of mating with leaders
An individual's condition, calculated using mass-size residuals, varies with dietary treatment in at least some arthropods (Jakob et al., 1996) and is a predictor of individual lipid and glycogen stores (DeBano, 2008) . As none of the females in our experiment oviposited prior to measurements, it is likely that condition also correlates with ovariole number and reproductive potential for females (DeBano, 2008) . In our comparisons within sexes, offspring of leaders were approximately 7%-8% heavier for their body size than those of followers (Fig. 3, Table 2 ).
The condition advantages in the offspring of leaders are likely to translate to increased fitness for females mating with leading males as they produce higher quality offspring than females mating with following males. Ave. hatch date Fig. 1 Differences between leading and following families in offspring number. Hatch date is measured from the first day of egg hatching, including only 2013 data. Prop. males are the proportion of offspring surviving from each family that were male. The absence of significant interaction effects between leader/follower status and dietary treatment suggests that the production of leading calls is a reliable indicator of these benefits in varying environmental conditions. Although the size of these effects was modest, they appear to be large enough to provide biologically relevant fitness benefits for females mating with leading males. However, the small effect also allows for the possibility of type I error in our analyses. Further tests may help elucidate the validity, size and fitness effects of differences in offspring condition.
Although our experimental set-up prevented us from measuring the body size of the fathers, the production of a higher proportion of leading calls is not correlated with male mass, body size or condition (Murphy & Schul, 2017) . Additionally, in the current study, the proportion of chirps led by individual offspring was not correlated with any of these measures (data not shown). We conclude therefore that the difference in condition between offspring of leaders and followers was not a result of the leaders themselves being larger.
Because we found no evidence of heritability of leadership in males (Fig. 5) , the fitness benefit gained by females is almost certainly not the result of any kind of genetic benefit provided by the male. As leading males are not larger or in better condition than following males, the propensity to produce leading calls may result from a male's transient nutritional state, which would not be captured in these measures.
Unlike most katydids, male Neoconocephalus do not produce spermatophores (Greenfield, 1990) ; they do not provide parental care, nuptial gifts or territories. Thus, the only interaction between males and females of N. ensiger is mating itself, precluding many types of direct benefits. Furthermore, as Neoconocephalus females only mate once (JS personal observations), neither sexual conflict nor differential investment by females is likely to play a role in this system. What then might be the proximal cause of the increase in the size of the Numbers of F 2 of leaders and followers with offspring raised in the two environmental conditions. Green lines and data points represent the average measures for F 2 of leaders; purple represents those of followers. Error bars show the standard error for that measure in that group.
offspring of males that were leaders in paired interactions? We speculate that physiological effects associated with seminal proteins may be at least part of the answer.
Male call interactions
We found no evidence that a male's propensity to produce leading calls is heritable in N. ensiger, suggesting that leader preference cannot have an evolutionary effect on this trait. Leader preference is proposed to select for male timing adjustments, which may result in synchrony as a by-product of the female preference (Greenfield & Roizen, 1993; Greenfield et al., 1997) . We emphasize that these ideas do not contradict one another. In an unsynchronized chorus, males with the ability to adjust their call timing relative to that of their neighbours, which has been modelled using an inhibitory resetting mechanism, produce a greater proportion of leading calls than those males continuing to call randomly with regard to one another. Therefore, if females display a leader preference, these timing adjustments would be selected for (Greenfield & Roizen, 1993) . This selection only requires the mechanism of timing adjustments itself is heritable, not the ability to produce leading calls. Neoconocephalus ensiger males achieve call synchrony through adjustments of the intrinsic chirp rate (Murphy et al., 2016) . We speculate that this mechanism of synchrony may not allow for heritable variation in the propensity to produce leading calls. To our knowledge, all other species with leader preference synchronize through chirp-by-chirp phase adjustments (e.g. Greenfield & Roizen, 1993; Hartbauer et al., 2005) . The properties that determine a male's propensity to produce leading chirps may be substantially different in these systems, highlighting the fact that our findings cannot be generalized for all species with leader preference. Further tests of heritability for the propensity to produce leading calls are needed in these systems.
Evolution of leader preference
Leader preferences can only be expressed in species in which males produce discontinuous calls. In Neoconocephalus, this trait has evolved twice independently (Frederick & Schul, 2016) . Within each of these clades, there is only one species with leader preference, N. ensiger and N. spiza: additionally, leader preference was not found in any species with continuous calls, suggesting that these preferences are not the result of a preexisting sensory bias (Frederick, 2013) .
With regard to evolutionary explanations, what characteristics of these species lead to the evolution of a leader preference, but are absent in the others? Each Neoconocephalus species with discontinuous calls displays a distinct call type and female recognition mechanism (e.g. Walker & Greenfield, 1983; Greenfield, 1990; Deily & Schul, 2009; Kong et al., 2015) . The leader preferences may therefore be an outcome or by-product of the novel recognition mechanisms; a fitness benefit of mating with leading males would then select for and strengthen this preference.
The evolution of leader preferences is likely to depend on the exploitation by females of a relationship between leadership-whether this trait is heritable or not-and factors that both increase its probability and the likelihood that such males will provide material benefits during mating. This hypothesis would be supported if benefits of mating with leaders were demonstrated in N. spiza as well.
Heritability of the male trait, here the production of leading calls, is often assumed in models of direct benefits (e.g. Reynolds & Gross, 1990; Kirkpatrick & Ryan, 1991; Price et al., 1993) . In these models, heritability allows females to gain an additional fitness benefit in the form of sexy-sons (Kokko et al., 2002) therefore strengthening selection for the preference. However, this heritability is not necessary for the evolution of a female preference through benefits. In N. ensiger, the differences in offspring quality likely result in stable selection for leader preference, even in the absence of heritability for the male trait. This does require that there is a consistent, potentially genetically mediated, link between the production of leading calls and male condition or ability to offer fitness benefits to their mates. 
